The recent structural characterization of the NrfA from Escherichia coli provides a framework to rationalize the spectroscopic and functional properties of this enzyme. Analyses by EPR and magnetic CD spectroscopies have been complemented by protein-film voltammetry and these are discussed in relation to the essential structural features of the enzyme.
Introduction
Bacterial nitrite reduction can be coupled with energy conservation by three distinct types of enzyme: cytochrome cd 1 nitrite reductases, copper nitrite reductases and cytochrome c nitrite reductases [1] . Whereas the first two catalyse the reduction of nitrite to nitric oxide, cytochrome c nitrite reductase (NrfA), the subject of this paper, reduces nitrite to ammonium without the release of detectable intermediates. Intriguingly, NrfA also reduces nitric oxide to ammonium, which may facilitate NO detoxification [2] , and hydroxylamine to ammonium, the physiological role of which is uncertain. Our recent structural characterization of the NrfA from Escherichia coli provided a stimulus to reassess its spectroscopic and functional properties [3] [4] [5] . Analyses by EPR and MCD (magnetic CD) spectroscopies have been complemented by PFV (protein-film voltammetry) and here we discuss some of these results in relation to the essential structural features of the enzyme.
Structure
The crystal structure of NrfA from E. coli at 2.5 Å (1 Å = 0.1 nm) resolution [4] shows a homodimer with an extensive monomer-monomer interface ( Figure 1A ). This is true of the three other structures of NrfA reported to date (Sulfurospirillum deleyianum [6] , Wolinella succinogenes [7] and Desulfovibrio desulfuricans, A.T.T.C. 27774 [8] ), which also reveal other highly conserved elements. Each monomer contains five closely packed c-type haems. Haems 2-5 are bishistidyl ligated, whereas haem 1, the site of substrate binding, has a proximal lysine ligand provided by a novel CXXCK haem-binding motif. The distal position is occupied by water or hydroxide. The iron-iron distances of adjacent haems are all <13 Å . Thus all are positioned for effective electron Key words: cytochrome c, haem, magnetic CD (MCD), nitrite reductase, oxidoreductase, proteinfilm voltammetry (PFV).
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transfer. Additionally, haem 5 is located sufficiently close to the dimer interface to allow for facile electron transfer with its counterpart in the second monomer. Highly conserved residues, such as Tyr-216, His-264, Gln-263 and Arg-106, define a substrate-binding site in the haem 1 distal pocket ( Figure 1A) . A crystal structure of nitrite-bound NrfA from W. succinogenes suggests that His-264 and Arg-114 form hydrogen bonds to the nitrite oxo groups [9] . Two channels with opposite signs of electrostatic potential form putative routes for substrate and product to enter and leave the pocket. An unexpected finding was two calcium ion binding sites: one on the distal side of haem 1 defined by co-ordination through the side chains of Glu-215 and Gln-263, the peptide carbonyls of Tyr-216 and Lys-261 and two water molecules; the second defined by a propionate from each of haems 3 and 4, and for E. coli NrfA the carbonyl of Pro-91 and a water molecule.
Spectroscopic data
MCD spectra have been reported for oxidized NrfA from two sources [4, 10] . Spectra of E. coli NrfA are in agreement with the crystal structure, showing four low-spin ferric haems each with bis-nitrogen ligation plus a six-co-ordinate, highspin ferric haem present in two forms with either water or hydroxide as the ligand distal to the protein-derived lysine ligand [4] . Previous MCD studies of W. succinogenes NrfA provided essentially the same information but showed that the active site distal ligand is solely hydroxide [10] .
Perpendicular mode EPR spectra reported for oxidized E. coli NrfA ( Figure 1B , 1) contain similar features to those for the enzymes from W. succinogenes [10] , S. deleyianum [11] , D. desulfuricans [12] and D. vulgaris Hildenborough [13] . The spectra contain none of the intense signals anticipated for high-spin ferric haem but instead are dominated by broad fast-relaxing features near g ∼ 10 and 3.6, unprecedented for magnetically isolated haem. This distribution of intensity and the behaviour in parallel mode EPR studies ( Figure 1B , 2) place severe limitations on possible interpretations. Oganesyan et al. [14] showed that such signals, observed in haem-copper oxidases and cytochrome c 554 , arise from weakly interacting spins of 1/2 and 5/2 (|J| ∼ 1 cm −1 ). On this basis, the NrfA broad features are assigned to highspin haem 1 interacting with a low-spin haem. The proximity of haem 3 makes it the most probable candidate and it can be argued that this haem must indeed be spin-coupled: rhombic EPR features at g = 2.95, 2.3 and 1.5 result from haem with parallel ligand planes. Haems 2 and 3 are candidates but the signal intensity accounts for only one haem. Owing to its position, haem 2 could only interact with haem 3 and this would result in no rhombic features. The g = 2.95, 2.3 and 1.5 signals are therefore due to haem 2. The near-perpendicular ligand planes of haems 4 and 5 would result in 'large g max ' type spectra each containing a broad g z feature at g = 3-3.8, a region dominated by the strong signals of the coupled pair. However, one such feature does become apparent at g ∼ 3.2 during EPR-monitored redox titrations but it is not yet clear if this is due to one or both of haems 4 and 5 [4] .
The MCD of E. coli NrfA clearly shows a mixed water/ hydroxide distal ligand at haem 1, whereas the MCD of the W. succinogenes enzyme revealed only hydroxide ligation.
Absorption spectra of S. deleyianum NrfA include a highspin charge-transfer band at 610 nm showing that this enzyme too has hydroxide bound at haem 1 [11] . It is of note that the coupled signals for the W. succinogenes and S. deleyianum enzymes are significantly more intense than is observed for the E. coli enzyme suggesting that it is only the hydroxidebound form which gives rise to the g ∼ 10 and 3.6 signals. The water-bound form is still coupled but possibly in a manner which renders the pair EPR silent. This proposition is supported by data for the D. vulgaris and D. desulfuricans enzymes, which have substantially reduced coupled signal intensity and absorption bands at 630 nm, characteristic of water-bound high-spin haem [12, 13] .
Functional properties
PFV of E. coli NrfA shows clear catalytic reduction currents in the presence of nitrite (Figure 2 ). Enzyme activity is initiated at potentials well below that of the NO 2 − /NH 4 + couple (E m,7 + 340 mV) under these conditions, illustrating how the intrinsic properties of the enzyme define its operating 3000 rev./min as described in [3] .
potential. The magnitude of the catalytic response varies with nitrite concentration, as expected for an enzyme-catalysed reaction with K M ∼ 25 µM [3] . As the nitrite concentration is raised above K M , the shape of the response also becomes increasingly sensitive to Ca 2+ concentration. In the presence of 2 mM Ca 2+ similar current (activity)-potential profiles are recorded on the forward and reverse voltammetric sweeps reflecting steady-state turnovers by the enzyme. At 3.5 µM nitrite this profile shows that nitrite reduction is initiated by reduction of the haem 1, 3 pair (E m,7 − 103 mV) acting as a site for co-ordinated exchange of two electrons; haem 2 (E m,7 − 37 mV) is already reduced at these potentials, so the dimer has the six electrons required to reduce nitrite to ammonium. At lower potentials, activity is attenuated by reduction of haem 4 and/or 5 (E m,7 − 323 mV) by a mechanism that remains to be established. This attenuation of activity is 'tuned out' at higher nitrite concentrations as the process that gives rise to it becomes too slow to engage under conditions of rapid substrate association with the enzyme. A boost of activity emerges at lower potentials under these higher turnover conditions. The position of this feature is dependent on substrate concentration and so it is unlikely to arise from reduction of haems 4 and 5. Now the waveshape may reflect rate definition by gated-electron delivery to the haem 1, 3 pair during enzyme-limited turnover [15] .
When Ca 2+ is omitted from experiments at the lowest nitrite concentrations, the waveshape shows little variation from that in 2 mM Ca 2+ . However, at 380 µM nitrite the waveshape, in particular the peak of activity on sweeping to negative potentials, shows that inhibition of enzyme activity is triggered by exposure of the enzyme to more negative potentials. A similar phenomenon, although occurring to a lesser extent, is also apparent in the response at 30 µM nitrite. For a range of nitrite concentrations any evidence of inhibition in the cyclic voltammograms was lost on increasing the Ca 2+ concentration from 0 to 0.5 mM. is noted at potentials where haem 4 and/or 5 is reduced (compare attenuation feature in 3.5 µM nitrite with inhibition in 380 µM nitrite, Figure 2 , right panel) may implicate Ca 2+ association with the propionate of haem 4 as being essential for maintaining steady-state activity from the fully reduced enzyme-substrate complex. However, given that the operating potentials of redox centres during catalysis can differ from those determined under equilibrium conditions, it is impossible to rule out the possibility that the effects of Ca 2+ association with the distal pocket of haem 1 are being observed.
Conclusion
Resolution of the E. coli NrfA structure has provided a framework for rationalization of the spectroscopic properties of the oxidized enzyme and the activity-potential profiles displayed during nitrite reduction. Our laboratories are now engaged in continuing this integrated approach to studies of NrfA to resolve the mechanisms of nitrite, nitric oxide and hydroxylamine reduction and determine how these activities are modulated by changes of haem oxidation state and Ca 2+ loading.
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